Activated tumour-specific T-cells represent a powerful selective mechanism to control malignancy.
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Statement of translational relevance
Activated tumour-specific T-cells represent a powerful selective mechanism to control malignancy.
Therapeutic vaccination provides a way to selectively amplify and arm tumour-specific T-cells that is scalable and thus suitable for treating large numbers of patients. This phase I trial establishes the safety and immunogenicity of therapeutic vaccination against Epstein-Barr virus (EBV), which is resident in several human cancers totalling 200,000 cases each year worldwide. It pilots detailed functional dissection of the immune response to vaccination as a pharmacodynamic readout. As well as being of direct clinical relevance, the ability to readily characterise vaccine-induced T-cell responses against non-self tumour antigens makes EBV an ideal model system in which to explore novel immunotherapeutic strategies. Our trial therefore lays the groundwork for future large-scale efficacy trials of the vaccine and for trials testing a combinatorial approach to immunotherapy, for
Introduction
Approximately one fifth of human cancers are causally linked with infectious agents (1) . EpsteinBarr virus (EBV) is harboured as a life-long asymptomatic infection in most adults but has potent growth transforming capability (2) . It is aetiologically linked to several human tumours, including undifferentiated nasopharyngeal carcinoma (NPC), an epithelial malignancy common throughout South-East Asia that also occurs at lower incidence rates worldwide (1, 2) . The possibility of exploiting EBV-specific T-cell immunity as a novel treatment for NPC is attractive because diseasefree survival rates at 2 and 5 years with current chemoradiotherapy regimens are still only 63% and 52%, respectively; furthermore, distant metastases account for over 40% of recurrences and confer a poor outlook (3) (4) (5) (6) . However, most NPCs express just two EBV latent cycle proteins: (i) the Epstein-Barr nuclear antigen 1 (EBNA1), a sequence-specific DNA binding protein involved in maintenance of the episomal virus genome; and (ii) latent membrane protein 2 (LMP2), a membrane signalling protein with growth-promoting activity in epithelial cells (2) . In other EBV genome-positive tumours, such as all extranodal NK/T lymphomas (ENKTLs), up to 40% of Hodgkin lymphomas (HLs) and 5-10% of gastric carcinomas (GCs), EBNA1 and LMP2 are likewise among the limited range of expressed viral proteins, emphasizing the broader importance of these antigens as targets for immunotherapy (7) (8) (9) .
In light of these considerations, we developed a therapeutic vaccine (MVA-EL) using the modified vaccinia Ankara (MVA) vector to encode a functionally inactive fusion protein of full-length LMP2 and the C-terminal half of EBNA1 (10) . The latter region of EBNA1 contains almost all of the protein's known CD4 and CD8 T-cell epitopes, but lacks the glycine-alanine repeat domain that partially impairs antigen presentation to CD8 T-cells (11) (12) (13) . We recently reported the outcome of a phase I dose escalation trial conducted in a Hong Kong-based cohort of eighteen Chinese NPC patients vaccinated after initial chemoradiotherapy for their disease. In many cases, vaccination resulted in substantial expansions of circulating T-cells specific for EBNA1 and/or LMP2; moreover, (14) .
Virus-induced T-cell responses are specifically directed against particular combinations of HLA molecules and bound viral peptides. Any global approach to T-cell-based targeting of virusassociated tumours must therefore deal with the twin challenges of HLA diversity and viral heterogeneity. Differences between human populations in terms of HLA allele distribution will alter epitope selection (15) (16) (17) , while polymorphisms between circulating viral strains can affect epitope processing and presentation (18) (19) (20) (21) (22) (23) . In this regard, the MVA-EL vaccine was constructed using EBNA1 and LMP2 gene sequences cloned from typical Chinese-origin EBV strains. These proteins differ from their European-origin EBV counterparts at various residues, some of which lie within known T-cell epitopes (15, 24) . To what extent the vaccine would be able to boost epitope-specific responses in European patients therefore remained an open question.
To address this issue, we undertook a dose escalation phase I trial of MVA-EL vaccination in the United Kingdom (UK). Eligible patients with EBV-positive (EBV + ) tumours were either in remission or harboured low volume residual disease for which no standard therapy was indicated. The objectives were to determine the safety profile and immunogenicity of MVA-EL vaccination and to assess changes in circulating cell-free EBV genome measurements over time. Here, we report that the vaccine was immunogenic and well tolerated in UK patients, potentially inducing the release of cell-free EBV genomes suggestive of tumour-specific T-cell-mediated cytotoxic effects. Combined data from 27 patients across both the Hong Kong and UK trials further confirmed the immunogenicity of MVA-EL across HLA subtypes and antigenic variants of EBV, supporting the use of this vaccine in different populations and thus potentially against a wider range of malignancies.
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Methods
Patients
Sixteen patients with histologically confirmed EBV + malignancy, either in first remission or with persisting disease for which no standard therapy was available, were recruited for this study. All patients were in complete (or unconfirmed complete) remission at least 12 weeks after first-line treatment (either definitive chemoradiotherapy or palliative chemotherapy) and met pre-defined inclusion criteria (see Supplementary Information). Conduct was ICH-GCP compliant and all patients gave written informed consent.
Study design
This was a three centre, phase IA trial of MVA-EL vaccination against EBV + malignancies, employing a 3+3 design across a pre-defined dose escalation schedule of sequential cohorts spanning five dose levels (Supplementary Figure 1) . The primary objectives were to determine the safety and toxicity profile of MVA-EL and to describe changes in EBNA1/LMP2-specific functional T-cell response frequencies in peripheral blood before, during and after vaccination. Additional objectives were to assess changes in EBV genome levels and EBNA1-specific antibodies in plasma. Disease response assessment was not an objective, but patients known to have residual or recurrent disease were assessed by cross-sectional imaging at screening and at week 14. Toxicity was graded and doselimiting toxicity (DLT) defined according to the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE) v3.0 using a protocol-specific grading of local injection site reactions. Provided the maximum tolerated dose, i.e. the dose at which 2/6 patients suffered DLT, was not reached, the lowest dose for which there was clear evidence of cellular immunogenicity was to be recommended for further investigation. Antigen-specific T-cell phenotype was determined by stimulating PBMCs for 6hr with antigen pepmixes in the presence of brefeldin A, monensin and αCD107a-FITC antibody. Cells were then washed, stained with additional antibodies acquired on a custom-built 20-parameter FACS AriaII flow cytometer (BD Biosciences). Data were analysed with FlowJo software v9.7.5 and SPICE software v5.32 was used for combinatorial analysis and data presentation (25) .
EBV DNA loads in plasma were assayed by qPCR. EBNA1 antibodies were measured before and after vaccination using standard assays. PCR and sequencing were used to genotype EBV strains present in patients. Further details of procedures are provided in Supplementary Information.
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Immunogenicity was not defined prospectively. Instead, interpretation of the immunological data was carried out in an exploratory manner using complete longitudinal data for each patient. Full details are provided in Supplementary Information. 
Regulatory status
Results
Patients, treatments and outcomes
Sixteen patients with confirmed EBV + NPC were enrolled from three UK clinical centres between 2005 and 2010. The median age of this cohort was 48 years (range, 28-68 years). All patients had previously undergone either radical locoregional radiotherapy (n=4) or chemoradiotherapy (n=12), in ten cases with adjuvant chemotherapy (Table 1 ). Eleven patients were described as White and five as South East Asian. To genotype their resident EBV strains we PCR amplified a region of the viral genome used to discriminate between Chinese and European EBV strains (18, 19) and that can be reliably amplified from the very low numbers of EBV-infected B cells present in small PBMC samples. Six EBV strain variants were identified in the eight patients who yielded an amplification product. The association between strain variants and ethnic origin (five White and three Asian) were consistent with previously described patterns ( Table 1) .
Patients received three vaccinations at 3-weekly intervals in dose escalating cohorts as summarized in Supplementary Figure 1 . Dose level 1 was expanded after the first patient on the trial experienced a grade 2 injection site reaction (ISR) to the first vaccine cycle. All participants experienced ISR at grade 1 or, in seven cases, at grade 2; these were non-ulcerative, self-limiting lesions that did not worsen across cycles. Nine patients experienced systemic toxicity, in five cases at grade 2 with regional pain and lymphadenopathy (2 patients), fatigue (1 patient) and 'flu-like symptoms (3 patients). One of these patients (UK0212) withdrew from the trial after the first vaccine dose.
At trial entry, ten patients were in complete remission following primary treatment or, for two patients, second-line therapy (UK0102, UK0516). Six had residual disease following primary treatment (UK0414) or more than one line of treatment (UK0103, UK0104, UK0105, UK0106, UK0313). Of these, plasma samples from four patients (UK0103, UK0104, UK0105, UK0313) contained detectable EBV DNA either before or 4 weeks after vaccination, triggering analysis of the complete sample set ( Figure 1 ). For UK0105 and UK0313, sustained rises in EBV levels were 
Immune responses to vaccination
Total lymphocyte counts remained stable across the vaccination course (pre-cycle 1, mean 0. To evaluate T-cell responses against known EBNA1 or LMP2 epitopes restricted by HLA class I or class II molecules, we tested PBMCs from sequential blood samples in IFNγ ELISpot assays. In particular, we looked for evidence of responses against polymorphic epitopes based on B95.8 type I EBV, which is prototypic for prevalent viral strains in Europe but differs at key epitopic sites compared to the equivalent MVA-EL sequences derived from Chinese strains (Supplementary Table   1) .
Results from two patients are illustrated in Figure 2 . For UK0102, candidate targets included the HLA-A*02.01-restricted CLG and FLY epitopes from LMP2 and the HLA-DRB1*0101-restricted TSLY epitope from EBNA1. The CLG and TSLY target peptides used in the assay varied compared to the vaccine-derived epitopes, whereas the FLY epitope was conserved. Weak pre-vaccination recognition was observed against CLG, but reactivity to all three epitopes increased after vaccination. In contrast, there was no corresponding increase in reactivity to a non-vaccine control HLA-A*02.01-restricted epitope, GLC, derived from the immunodominant EBV lytic cycle protein BMLF1. For UK0310, candidate targets included the LMP2-derived epitopes, PYL and TYG, restricted by HLA-A*24. The PYL epitope is conserved between Chinese and European strains, whereas TYG differs at a single residue. For both targets, pre-existing T-cell recognition was amplified by MVA-EL vaccination.
Overall, given the patients' HLA types, 12 vaccine recipients could be screened for responses against potentially relevant EBNA1 or LMP2 epitopes (Supplementary Table 2 ). Epitope-specific responses were detected in 4/9 White patients tested. In addition to UK0102 and UK0310 illustrated above, patients UK0105 and UK0209 (both HLA-A*02.01 + ) responded to the FLY epitope; UK0105 also responded to a second HLA-A*02.01-restricted LMP2 epitope (LLW) and an HLA class II-restricted EBNA1 epitope (VFLQ). These epitopes are all conserved between typical European EBV strains and the vaccine insert. Epitope-specific responses were also observed in 2/3 South East Asian patients. In one case (UK0103), responses were directed against a pool of peptides containing two HLA class II-restricted EBNA1 peptides, each differing by one residue from the corresponding vaccine-expressed epitopes. Responses against CLG and LLW, as well as an HLA-B*40-restricted LMP2 epitope (IED), were detected in UK0414. Again, the CLG and IED test peptides differed from the corresponding vaccine-encoded sequences.
Next, we used surplus PBMCs from nine patients to examine T-cell responses against whole antigens, represented in pools of 15mer peptides with consecutive 10 residue overlaps (pepmixes) spanning the EBNA1 and LMP2 protein sequences derived from EBV strain B95.8. The self-antigen actin was used as a negative control for spontaneous IFNγ release. In addition, we included pepmixes for EBNA3A, an EBV latent protein not encoded by the vaccine, and influenza matrix and nucleoproteins (FLU). Recognition of these antigens was expected to be present in at least some patients and to fluctuate, but variations over time would not be predicted to have a consistent relationship to vaccination. 
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Longitudinal pepmix data from three patients are shown in Figure 3A . In each case, as in most NPC patients, pre-existing levels of EBNA1 and LMP2 recognition were low or even undetectable.
Patient UK0101, who did not complete the vaccine course, nevertheless showed evidence of small EBNA1 and LMP2 responses 28 days after a single vaccine cycle, while the EBNA3A response remained static. Patient UK0207 showed an EBNA1 response as early as day 8 after the second vaccine cycle and an LMP2 response appeared after the third cycle, whereas control antigen responses again did not change. Patient UK0102 also mounted responses to both EBNA1 and LMP2, both of which were detectable after the second cycle and increased dramatically after the third. In this patient, FLU reactivity also increased markedly at the third time point. An increase in EBNA3A reactivity was observed in addition, although this increase was relatively small compared to baseline.
Vaccination-induced changes in antigen reactivity are shown for all patients tested in Figure 3B .
Pre-vaccination recognition of both vaccine and non-vaccine targets was commonly observed.
Responses associated with vaccination, defined as ≥2-fold amplification and an increase of ≥10 spots/well over baseline, were observed in 5/9 patients for EBNA1 and 3/9 patients for LMP2. In two patients, a 2-fold amplification was also detected for FLU but not for EBNA3A.
Combining data from all ELISpot assays, using either defined epitope peptides or pepmixes as targets, there was evidence for low-level pre-vaccination recognition of EBNA1 and LMP2 in 11/15 (73%) and 10/15 (66%) patients, respectively. Vaccination led to a >2-fold increase in EBNA1 and LMP2 reactivity in 7/14 (50%) and 6/14 (43%) patients, respectively. Overall, 8/14 patients responded to one or both vaccine antigens (Supplementary Table 2 ). There was no obvious relationship between variation in the resident EBV strain and vaccine immunogenicity. Responses were observed for UK0101, UK0102, UK0207, UK0310 and UK0414, who carried four different EBV strains based on virus genotyping analysis (Table 1 and Supplementary Table 2) . A small increase in anti-EBNA1 antibody titres was also noted after vaccination (Supplementary Figure 3) .
Research. Table 1 ). We first asked whether vaccination amplifies both CD4 and CD8 T-cell responses detected with any of the five functional parameters. As predicted, the frequencies of EBNA1-specific CD4 T-cells and LMP2-specific CD8 T-cells increased with vaccination. Notably, the EBNA1-specific effectors were maintained at higher levels for more than a year, while the LMP2-specific response declined slowly over time ( Figure 4A ).
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Multivariate analysis of immune function
Next, we asked whether vaccination also enhanced the quality of the T-cell response, determined as the number of effector functions elicited by antigen encounter. For this analysis, we compared data obtained from time points before and after three cycles of MVA-EL ( Figure 4B ). At the later time point, the frequencies of EBNA1-specific CD4 T-cells and LMP2-specific CD8 T-cells had increased by 120% and 420%, respectively. Moreover, for both vaccine-enhanced responses, the proportion of T-cells expressing only a single function decreased after MVA-EL administration, while the proportion of polyfunctional T-cells increased concomitantly. Pre-vaccination CD8 T-cell populations targeting the immunodominant EBNA3A protein were more polyfunctional compared to those specific for the subdominant LMP2 antigen, in line with previous reports (28, 29) .
However, there were no marked expansions of EBNA3A-specific CD8 T-cells after vaccination and no detectable shifts towards greater polyfunctionality. 
Data combination with the phase IA trial in Hong Kong
The phase I trial described here and the parallel trial in Hong Kong (14) used the same vaccine batch, dose escalation scheme and ELISpot screening protocol, allowing us to explore the combined results. Table 2 
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increase in T-cells specific for each of the four antigens. Of the 27 patients for whom data were available, 18 and 12 responded to EBNA1 and LMP2, respectively. In contrast, only one and three patients showed increased responses to the non-vaccine target antigens, EBNA3A and FLU, respectively. Overall, 20/27 patients (74 %) showed increased T-cell responses to EBNA1 and/or LMP2; indeed, all patients vaccinated at dose level 3 or above responded to one or both of these vaccine-encoded antigens.
Both trials also included response screening based on individual HLA-matched EBNA1 and LMP2 epitope peptides; overall, 30 patients were analysed in this way. Figure 5A Sequence variation is a feature of prevalent EBV strains across different populations and some polymorphisms can affect viral epitope presentation (18) (19) (20) (21) (22) (23) . In the present cohort of 16 patients, we were able to genotype the resident EBV strain in eight cases. Natural strain variation was detected consistent with previously described patterns in White and Chinese individuals (19) .
There were five genotypes in addition to the prototypic European strain, B95.8. This is relevant because the synthetic peptides used in our screening assays were based on B95.8 sequences. It therefore seems likely that strain-specific variation in individual EBNA1/LMP2 epitope sequences was present as described previously (17, 24) . Importantly, such variation did not prevent the Chinese-origin LMP2 sequence encoded by MVA-EL from expanding T-cell populations originally generated by diverse viral strains.
Substantial HLA diversity also exists between different populations, both in terms of the prevalent alleles (32) and allelic subtypes that can impact epitope selection (24) . For example, although HLA-A2 was the single most common allele in both UK (50%) and Hong Kong (78%) trial patients, 7/8
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UK patients carried the HLA-A*02.01 subtype compared to only 1/14 patients in Hong Kong (14) .
Importantly, we found that vaccination increased the frequencies of several HLA-A*02.01-restricted LMP2-specific T-cell responses. Given the high frequency of HLA-A*02.01 in Western populations, this result is encouraging for worldwide deployment of the MVA-EL vaccine.
Combining ELISpot data from the Hong Kong and UK trials of MVA-EL showed that vaccination increased T-cell responses to EBNA1 and/or LMP2 in 20/27 patients. Although the response rate in UK patients (8/14) was lower compared to the Hong Kong cohort (15/18), the UK data does not include any patients treated at the highest vaccine dose and, due to the expansion of the first dose cohort, includes six patients treated at the lowest dose. As MVA-EL immunogenicity increases with dosage (14) , the UK response rate is likely to be an underestimate of what will be achieved in future trials using the highest, most immunogenic, dose. 
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polyfunctional capabilities. To some extent, the different functional subsets were linked with cell phenotype. In particular, MIP-1β-producing cells were typically separate from cells with other functional outputs and segregated within a highly differentiated (CD27 lo CD45RO lo ) subpopulation.
Importantly, MVA-EL vaccination did not appear to drive other functionally responsive cells into this terminally differentiated compartment, potentially enabling more durable immune memory.
However, these results were obtained from a single patient and further work is needed to determine their broader significance. Multiplexed measurements enabled by polychromatic flow cytometry will therefore play an important role in the evaluation of vaccine-induced T-cell responses in our ongoing phase IB and II trials of MVA-EL.
Other important factors determining widespread use of a therapy are its safety and tolerability. In the present trial, MVA-EL was generally well tolerated and 14 patients completed all three vaccination cycles at dose levels up to 5x10 8 pfu with reports of only grade 1 and 2 ISRs and systemic toxicities. The very first patient exhibited a florid ISR on cycle 1 (albeit grade 2) and a cautious approach led to an expansion of that dose level. On dose level 2, a patient withdrew following grade 2 'flu-like symptoms. Taken together with the Hong Kong data, the maximum tolerated dose has not been identified in the dose range tested, and the highest dose tested (5x10 8 pfu) appears to give the most consistent immune response across both antigens. For these reasons, the recommended dose for further investigation is 5x10 8 pfu.
The UK trial included 16 patients, all of whom underwent radiotherapy or chemoradiotherapy for NPC and, unlike the Hong Kong trial, six patients with residual disease at trial entry. Using plasma EBV DNA levels to demarcate tumour load and the risk of subsequent progression (33, 34), we noted two patients with apparent disease stabilization after vaccination (UK0103 and UK0104). In UK0103, we speculate that fluctuations in circulating EBV genome levels during vaccination might reflect T-cell-mediated cytotoxic activity against the tumour, as reported previously in the context of radiotherapy (35) 
amplifications were detected after MVA-EL administration. In two other patients, vaccination had no apparent clinical impact. Indeed, EBV levels rose relentlessly in one of these patients despite detectable immune responses to vaccination. Testing for a relationship between detectable immune reactivity and clinical benefit will require an expanded cohort of patients with residual disease consistently treated at the recommended dose. This trial is currently ongoing [ClinicalTrials.gov NCT01094405].
As for extending MVA-EL to a wider range of malignancies, we note that several studies using Figure 1 Research. Figure 4 Research. PBMCs were tested with the indicated antigen pepmixes in IFN ELISpot assays at one or two timepoints in a blood sample taken 28-77 days after receiving the first vaccine dose (cycle 2 day 8 and cycle 3 day 29). A T-cell response was defined as a >2-fold amplification of specific T cell frequency post-vaccination, using the mean of two readings if available and >10 sfc/well. The proportion of patients who had a T cell response at each dose level is shown, as well as the total number of patients responding overall.
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